int-2 was discovered as a proto-oncogene transcriptionally activated by MMTV proviral insertion during mammary tumorigenesis in the mouse. Sequence analysis showed int-2 to be a member of the fibroblast growth factor family of genes. In normal breast and most other adult mouse tissues, int-2 expression was not detected except for low levels in brain and testis. However, using in situ hybridization, expression was found at a number o f sites during embryonic development, from day 7 until birth. An analysis of the int-2 transcripts found in embryonal carcinoma cells revealed six major classes o f RNA initiating at three promoters and terminating at either of two polyadenylation sites. Despite the transcriptional complexities, all size classes of RNA encompass the same open reading frame. Using an SV40 early promoter to drive transcription of an int-2 cDNA in COS-1 cells, several proteins were observed. These were shown to be generated by initiation from either of two codons: One, a CUG, leads to a product which localizes extensively to the cell nucleus and partially to the secretory pathway. In contrast, initiation at a downstream AUG codon results in quantitative translocation across the endoplasmic reticulum and the accumulation of products ranging in size from 27.5 x 10s Mr to 31.5x103 Mv in organelles of the secretory pathway. These proteins represented glycosylated and non-glycosylated forms o f the same primary product with or without the signal peptide removed. These findings suggest the potential for a dual role of int-2; an autocrine function acting at the cell nucleus, and a possible paracrine action through a secreted product.
Introduction
The int-2 gene encodes a member of the fibroblast growth factor (FGF) family of which the archetype is basic FGF (bFGF) (Dickson and Peters, 1987). To date, there are seven known members of this family which over a central core region share approximately 20% amino acid identity (for review see Burgess and Maciag, 1989; Dickson et al. 1989) . At the gene level, the FGF family also share a common architecture, with three coding exons and a highly conserved middle exon of 104 nucleotides (Fig. 1) . Substantial sequence differences reside at the amino and carboxyl terminal regions which are often extended compared with the prototypic factors, bFGF and the related acidic FGF (aFGF). Perhaps the most biologically significant difference is that all members of the family, apart from aFGF and bFGF, contain a signal peptide at their amino terminus, which directs passage through the secretory pathway. In contrast, the mechanisms by which Jay eeta l. 1986; Yoshida etal. 1987; Brookes etal. 1989; Maries et al. 1989; Finch et al. 1989; Zhan et al. 1988) . The residues which are identical in all seven proteins are highlighted with black shading. The position of the conserved 104 nucleotide exon is indicated by the bar above and below the sequences. The boxed amino acids show the position o f the N-linked glycosylation motifs.
aFGF and bFGF are released from cells remain enigmatic. However, it is clear that many cells possess high affinity cell surface receptors which interact with both aFGF and bFGF. It is assumed that these receptors mediate the various activities ascribed to aFGF and bFGF, including the ability to induce mitogenesis, angiogenesis, chemotaxis, and differentiative responses (reviewed in Burgess and M aciag, 1989; Gospodarowicz, 1985; Rifkin and Moscatelli, 1989 
Int-2 as a proto-oncogene in mammary cancer
Int-2 is one of a group of genes found to lie at common integration sites for the mouse mammary tumour virus (MMTV) in murine breast tumours (reviewed in Nusse, 1988; Peters and Dickson, 1987). Insertion of viral DNA within several kilobases either side of the int-2 gene results in its transcriptional activation by a mechanism that is thought to involve the regulatory elements of the viral promoter acting in cis. As integration of viral DNA appears to occur at random, it is only rarely in infected cells that an appropriate insertion occurs next to int-2. Presumably the transcriptionally active int-2 gene, which is apparently silent in the normal mammary gland, endows the afflicted cell with a proliferative advantage. The result is an initially clonal hyperplasia that, through further mutations, will eventually develop into frank neoplasia. Despite the random nature of the causal integration event, up to 70 % of the mammary tumours that develop in certain inbred strains of mice show proviral insertion and transcriptional activation of int-2.
Embryonic expression of int-2
As determined by Northern blotting and RNAase protection analysis, adult mouse tissues do not express detectable levels of int-2 RNA, with the exception of very small amounts in brain and testes. However, the same techniques readily 
Synthesis and processing of the int-2 protein
The sequence of the mouse int-2 gene predicts a primary translation product of 27x103Mr, which is distinctly basic and hydrophilic, apart from a short hydrophobic region at the amino terminus (Moore et al. 1986; Mansour and Martin, 1988). This hydrophobic region has hallmarks o f a signal peptide, and there is a single consensus site for N-linked glycosylation, suggesting that the protein may belong to the secreted class o f FGFs. Antisera raised against synthetic peptides, based on the predicted amino acid sequence, have been used in a variety o f im munological procedures to search for int-2 products. However, attempts to detect int-2 protein in mammary tumours or embryonal carcinoma cells have met with lim ited success, and these naturally occurring systems have not been amenable to further biochem ical analyses. To examine the properties of int-2 in mammalian cells, we therefore chose to introduce the cloned cDN A into cultured cells in a plasmid vector capable o f high levels o f expression. The vector chosen was based on the SV40 early promoter, since it undergoes amplification following transient transfection into COS-1 cells. An immunoblot analysis of total cell extract prepared 60 h after transfection shows multiple int-2-related proteins in the molecular weight range o f around 30 x 103 Mr, as shown in Fig. 3A (Dixon et al. 1989) . Analogous products can also be detected by translating synthetic int-2 RN A in a cell free system (Fig. 3B) rabbit reticulocyte lysate yields a single polypeptide o f 28.5 X 103 M r, representing the primary translation product. If canine pancreatic microsomes are included in the system, three other species are generated, one o f lower molecular weight that corresponds to the non-glycosylated product after signal peptide cleavage, and two higher molecular weight forms that are glycosylated, as indicated by their 34.0 31.0 sensitivity to endoglycosidase F (Fig. 3B) . These two glycosylated species are consistent with carbohydrate addition at the single consensus site, with and without signal peptide cleavage.
The processing and secretion of int-2 protein in transfected COS-1 cells appears to be relatively inefficient, as judged by the proportion of unprocessed forms observed in cell lysates and the difficulty in detecting int-2 proteins in the medium. Nevertheless, small quantities of slightly higher molecular weight forms of int-2 do appear to be associated with the extracellular matrix. This was demonstrated by removing the cells from the monolayer with non-ionic detergent or EDTA, and then dissolving the matrix material remaining on the dish with a buffer containing SDS. As shown in Fig. 3C , the amount of matrix-bound material detected by immunoblotting is small compared with the intracellular pool. It is not clear at present whether the inefficiency of processing in COS-1 cells is a reflection of the system, or an intrinsic feature of the int-2 product.
Alternative initiation codons for int-2
We considered whether our inability to detect int-2 protein in embryonal carcinoma cells or mammary tumours was in part a result of low translational efficiency. This suspicion was based on the presence of an AUG codon in the -I-1 reading frame immediately preceding the predicted AUG start site (Dixon et al.
1989).
In an experiment where this upstream AUG codon was mutated, there was indeed a small but significant increase in the level of translation, both in COS-1 cells and by cell free synthesis. To further explore the possible effects of 5' leader sequences on the efficiency of translation, various forms of int-2 RNA were synthesized and tested in an in vitro system. Surprisingly, it was found that inclusion of the presumed leader sequences resulted in a qualitative rather than quantitative effect, producing a larger translation product (Acland et al. 1990) . From the DNA sequence, it was apparent that the open reading frame extended 5' of the initiator methionine codon, but that there were no alternative AUG codons at which translation might begin. The most likely candidate was therefore an in frame CUG codon, an idea that was tested using site-directed mutagenesis. In this study, point mutations were placed in each of the proposed initiation codons and the mutants subsequently tested in the COS-1 cell expression system. To simplify the analysis, the glycosylation site was also mutated (Asn to Gin) to prevent the formation of multiple glycosylated forms of the int-2 proteins. The results of such an analysis, depicted in Fig. 4, confirmed secreted protein, but a significant proportion o f the CUG-initiated protein was found in the nucleus. Thus, it would seem that the subcellular fate o f the int-2 protein is dependent on the choice o f initiation codon. This observation raises the possibility that int-2 may have dual functions, operating via alternative intracellular pathways: one as a secreted product interacting with high affinity cell surface receptors, the other acting directly in the nucleus. To determine whether such a hypothesis is viable, it will be necessary to show that a nuclear form of the protein has measurable biological effect and is not simply a consequence of a highly basic sequence forming a fortuitous nuclear localization signal. In addition, it will be essential to ascribe an independent activity to the secreted form of the protein.
Functions of the int-2 protein
In general, it has been difficult to associate measurable biological functions with the int-2 protein, at least in in vitro assays, such as cell transformation and mitogenicity. This is An oncogene isolated by transfection of Kaposi's sarcoma DNA encodes a growth factor that is a member of the FGF family. Cell 50, 729-737. D ic k s o n , C. a n d P e t e r s , G. (1987) . Potential oncogene product related to growth factors. Nature 326, 833. D i c k s o n , C., S m i t h , R., B r o o k e s , S. a n d P e t e r s , G. (1984) . Tumorigenesis by mouse mammary tumor virus: proviral activation of a cellular gene in the common integration region int-2. Cell 37, 529-536. D i c k s o n , C., S m i t h , R ., B r o o k e s , S. a n d P e t e r s , G. (1990) . Proviral insertions within the int-2 gene can generate multiple anomalous transcripts but leave the protein coding domain intact. J. Virol. 64, [784] [785] [786] [787] [788] [789] [790] [791] [792] [793] . D i x o n , M ., D e e d , R., A c l a n d , P ., M o o r e , R., W h y t e , A ., P e t e r s , G. a n d D i c k s o n , C. (1989) .
